A calculation model of surface tension for molten slags in SiO 2 -Al 2 O 3 -CaO-MgO systems has been developed in the present study, based on a statistical modelling approach. A total of 832 experimental data of slags have been critically selected and used for the optimization of model parameters, and the present model has a fairly lower average deviation with 4.60% within the applicable composition and temperature ranges. And also, the composition and temperature dependences of surface tension have been discussed using the model. The results indicate that the surface tensions always decrease with increasing SiO 2 content and increase with increasing MgO content. The surface tension will decrease with increasing temperature.
Introduction
Surface tension is one of important physical properties of molten slags. It not only is applied to the research of melt structure characteristics and thermodynamic properties, but also is closely related to many metallurgy phenomena such as slag foaming, emulsification and kinetics of slag-metal reactions. However, the experimental measurement on the surface tension of multi-component system is usually difficult and time-consuming and laborious at elevated temperature, and there are too few existing surface tension data to meet the needs in industrial applications. Therefore, it is indispensable to determine the surface tension of molten slag by developing more accurate and applicable models.
Many kinds of surface tension calculation models for melts have been reported in literatures over the years. An additive model was proposed in early by Boni and Derge 1) based on the additivity rule, and the surface tension was obtained by employing the surface tension of each pure oxide. Later, the model was further modified by Mills 2) and Nakajima 3) by considering the effect of surface-active components on surface tension. Although additive model has been widely used in practical applications owing to its convenience, it tends to cover a narrow composition ranges, at least for SiO 2 -Al 2 O 3 -CaO-MgO system and its subsystems. 3, 4) Another model was developed by Tanaka et al. 5) based on Butler's equation to calculate surface tension and was found to estimate successfully the surface tension values of ternary systems. However, due to the lack of thermodynamic data of multi-component system, the applicability is limited for quaternary and multisystems. Based on the neural network of human brain, Nakamoto and Hanao 6) proposed a neural network model for calculation of surface tension. This method is usually applied to the prediction of certain binary and ternary systems. When the model is used to multi-component systems, there is an unsatisfactory reproducibility between the measured values and calculated results.
The SiO 2 -Al 2 O 3 -CaO-MgO systems are of considerable importance for controlling and optimization of metallurgical process. In a previous study, 7) a density calculation model for the SiO 2 -Al 2 O 3 -CaO-MgO system and its subsystems has been proposed by present authors successfully. In the present work, the model will be applied to the prediction of surface tension of molten slag in SiO 2 -Al 2 O 3 -CaO-MgO systems and the model parameters will optimized based on the published reliable data. The ultimate aim of this study is to explore the reliable methods for developing applicable calculation model of surface tension in molten slag systems.
Method

Experimental Data
Reliable and accurate experimental data are closely related to the model prediction performance. Totally more than 950 surface tension data were collected through open literature sources. However, it was found that some data were clearly inconsistent with other measurements. For example, the measurements obtained in graphite crucible were often found to have a large experimental uncertainties due to the reaction between graphite and molten slag, and thus these data were removed. In this way, roughly 12 percent of the collected data were removed. In this work, the surface tension data obtained by different methods were thought in good agreement. A total of 832 published experimental data used to calibrate the present model has been summarized in Table 1 , and the composition ranges of these data have been shown in Fig. 1. 
Model Description
It is well known that the surface tension is mainly related to chemical composition and temperature of molten slag. To calculate surface tension according to the composition and temperature, the expanded approximation rules 3) was used to estimate the surface tension of SiO 2 -Al 2 O 3 -CaO-MgO systems based on the regular solution approximation rules of excess molar quantities for binary system. The surface tension of molten slag was calculated as follows:
where σ is the surface tension of molten slag, X i is the mole fraction of component i, σ i (T) is the temperature-dependent partial molar surface tension of component i, and σ EX is the temperature-independent excess surface tension of molten slag, by simply considering the binary interactions between each component. Accordingly, the surface tension of pure oxides σ i (T) and excess surface tension σ EX are expressed as: w w w w w w (4) where σ mea. and σ cal. are measured and calculated surface tension, respectively.
All of the 832 surface tension measurements were used equally to derive the optimized values. The optimization was performed using non-linear least-squares fitting based on the well-known Levenberg-Marquardt algorithm.
Results and Discussions
Model Performance
The obtained optimized parameter values were listed in Tables 2 and 3 respectively. The performance of the model on surface tension was evaluated by the difference between the measured and calculated surface tension value, which is expressed by: The accuracy of the model was represented by the average relative error (Δ), for N measurements, which was calculated by The root mean square error (RMSE), which represents the average absolute error, was also calculated As shown in Fig. 2 , it is found that there is an excellent agreement between the calculated and measured surface tension, with overall accuracy of 4.60% and the average absolute error of 25.78 mN/m for 832 experimental data in SiO 2 -Al 2 O 3 -CaO-MgO systems.
The present model is developed based on statistical modelling approach, and the calculation results are accordingly in higher accuracies. For most of the subsystems, the present model also results in very high accuracy, as shown in detail in Fig. 3 . By comparison, the three previously reported simi- surface tension was investigated at different temperatures. Another measurement was performed by Kingery 9) using PD method at 2 073 K and three points were obtained. As shown in Fig. 5(a) , the measured values are compared with the calculated results and the surface tension slightly decreases with increasing temperature.
Many studies for surface tension of Al 2 O 3 have been carried out at different temperatures ranging from 2 342 K to 2 500 K. As shown in Fig. 5(b) , the measured values are compared with the calculating results and show a good agreement with a mean deviation of 3.8%. It can be seen that the surface tension of Al 2 O 3 decreases obviously with increasing temperature and there is a discrepancy at the melting point for experimental results from different research groups. Because of high melting temperature for Fig. 4 . Prediction of surface tension of molten slag using previously similar models. lar models [1] [2] [3] are also used to predict the surface tension, but tend to have an unsatisfactory results in the viewpoint of achieving highly accurate estimation, as shown in Fig. 4 . However, it must be noted that the present model can only be used within the selected composition ranges. Therefore, more reliable experimental data in wide composition and temperature range are fundamental for developing the statistical model to predict the surface tension of molten slags.
Composition and Temperature Dependences of
Surface Tension 3.2.1. Unary System Surface tension of pure component SiO 2 was measured by Parikh 8) using fiber elongation method in vacuum, dry N 2 and Air respectively and the effect of atmosphere on pure CaO and MgO, there is no literature of pure liquid CaO and MgO published has not been found until now.
Binary Systems
The composition and temperature dependences of surface tension for the binary systems are shown in Fig. 6 . It is found that the calculated values agree well with the measurements. The surface tension always decreases with the increment of SiO 2 content in SiO 2 -M systems, as shown in Figs. 6(a), 6 (b) and 6(c). In cases of Al 2 O 3 -MgO system, currently only one group of measured data at 2 473 K by Elyutin et al. 17) was found, as presented in Fig. 6(d) . The results indicate that the surface tension slightly decreases as the Al 2 O 3 content grows. For the Al 2 O 3 -CaO system, a great quantity of studies have been published, as presented in Fig. 6(e) . The surface tension decreases at first and then increases with the increase of Al 2 O 3 at different temperatures, showing the amphoteric nature of Al 2 O 3 . Besides, it should be noted that the compositional dependence of the surface tension shows a similar trend with the experimental results by Elyutin et al. 17) at 2 473 K. Generally, the temperature tends to depend weakly on surface tension of melts. On the one hand, with the increases of temperature, the distance between particles increases and the interaction force decreases, leading to a decrease in the surface tension of the melt. On the other hand, the increase of temperature will also result in a decrease of the polymerization degree of silica anions, so that the surface tension will increase. The two effects are superimposed, resulting in a decrease of surface tension.
Ternary Systems
The iso-surface tension curves are plotted at 1 873 K using the present model and compared with the measured values for SiO 2 -Al 2 O 3 -CaO, SiO 2 -CaO-MgO, SiO 2 -Al 2 O 3 -MgO and Al 2 O 3 -CaO-MgO systems, respectively. As shown in Fig. 7 , the results show a similar trend with binary systems. For instance, the surface tension always decreases with increasing SiO 2 content for silicate systems. As a surfaceactive component of molten slag, the increase of SiO 2 content will lead to an increase of the polymerization degree of silica anions, thus reducing the surface tension of molten slag. For the Al 2 O 3 -CaO-MgO system, the increase of CaO will result in a decrease of surface tension and show a large influence on surface tension in high CaO region.
Quaternary Systems
As an important base system, SiO 2 -Al 2 O 3 -CaO-MgO quaternary system is commonly applied to the studies of blast furnace slag, ladle slag, mold flux, and so on. So the surface tension of SiO 2 -Al 2 O 3 -CaO-MgO quaternary system was extensively studied by Sukenaga et al. 57) and Yan et al. 58) at 1 723 K to 1 823 K. The measured results are compared with the calculated values, as presented in Fig.  8 . It is seen that the present model can accurately predict the surface tension and the surface tension decreases with increasing SiO 2 content and temperature, which is consistent with the trends in binary and ternary systems.
Using the present model, the iso-surface tension curves for quaternary systems of SiO 2 -Al 2 O 3 -CaO-MgO with constant MgO content (10%, 20%, 30% and 40%, respectively) at 1 873 K are calculated, as shown in Fig. 9 . It is found that the surface tension increase when the amount of MgO is increased from 10% to 40%, which is consistent with the trends in binary and ternary systems.
Conclusions
In the present work, a surface tension calculation model in SiO 2 -Al 2 O 3 -CaO-MgO systems and its subsystems was developed based on a statistical modelling approach. A total number of 832 experimental data have been used for the optimization of model parameters. The main summary remarks can be obtained as follows:
(1) Present model covers wide composition ranges in SiO 2 -Al 2 O 3 -CaO-MgO systems, and calculates the surface tension of molten slag systems with remarkable accuracy of relative average error (Δ) of 4.60% and overall absolute error (RMSE) of 27.57 mN/m.
(2) For all of binary, ternary and quaternary systems, the surface tensions of SiO 2 -Al 2 O 3 -CaO-MgO molten slags always decrease with increasing SiO 2 content and increase with increasing MgO content.
(3) Temperature tends to have a double effect on surface tension of molten slag, and usually, the increase of temperature will result in a reduce of surface tension. 
